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Abstract 
For the purpose of better understanding the spontaneous imbibition laws of fracturing fluid, which greatly influenced the post-
frac productivity, a tight reservoir in the Ordos Basin, is taken as the example to make the investigation. A large number of core 
analysis and imbibition experiments are done to obtain formation parameters (permeability, porosity, etc.), interfacial tension, 
viscosity and spontaneous imbibition laws of different fracturing fluids (active water, slick water and guar). The results show that 
the amount of fracturing fluid imbibed is proportional to the square root of time. Moreover, the key factors (permeability, 
interfacial tension, viscosity) affecting the spontaneous imbibition of fracturing fluid are acquired according to spontaneous 
imbibition laws. Based on this, the optimal formulation of fracturing fluid is provided, which will provide a useful guidance for 
enhancing oil recovery during the hydraulic fracturing process. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
.H\ZRUGV hydraulic fracturing fluid; spontaneous imbibition; core fluid analysis; imbibition experiment; tight reservoir 
1. Introduction 
A tight reservoir in the Ordos basin, has extra low permeability. Hydraulic fracturing is the most effective 
development mode for extra low permeability reservoir. During the process of fracturing, a large quantity of 
fracturing fluids remains in reservoir. Generally, the remained fracturing fluids may influence the production of oil 
well. However, it is found in the tight reservoir that the well with a larger volume of remained fracturing fluids 
produces more than the well with a lower volume, which closely related to spontaneous imbibition. 
Only a few previous studies focus on spontaneous imbibition of fracturing fluids, which are mainly about shale 
gas reservoir [1-4]. They studied the impact from spontaneous imbibition on shale gas production, how to reduce 
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formation damage and fluid loss brought by spontaneous imbibition, the relationship between imbibition and many 
factors, including rock properties, fluid properties, contact angle, and temperature. Most of the experiment studied 
the imbibition laws of water and surfactant, thereby improve recovery through imbibition [5-7]. 
The spontaneous imbibition laws of fracturing fluids are studied in this paper. Differences from previous research 
are that this paper aims at applying fracturing fluid imbibition law to enhance oil recovery after fracturing, and 
optimizing fracturing fluid formula. Therefore, this research has a significant role to achieve the purpose of 
increasing production through improving the performance of fracturing fluids. 
2. Spontaneous imbibition 
Spontaneous imbibition is a phenomenon, non-wetting phase displaced by wetting phase without assistance of 
outside forces, caused by capillary pressure in porous medium. Generally, there are two kinds of imbibition, namely 
co-current imbibition and counter-current imbibition, during the process of water flooding in fractured reservoir. 
Imbibition recovery is a function of rock properties, such as permeability, porosity, wettability, and it’s also a 
function of fluid properties, like oil-water viscosity ratio, oil-water interfacial tension, PH, salinity. In addition, 
imbibition recovery is related to temperature, pressure and core boundary condition. 
3. Experimental approach 
 ([SHULPHQWDOHTXLSPHQW
Spinning drop tensiometer (TX-500C), ultra-low permeability core oil-water saturation device, high temperature 
and high pressure displacement device, imbibition apparatus (water imbibition cell), glassware etc. 
 ([SHULPHQWDOHTXLSPHQW
x Core. Natural cores and artificial cores are used in the imbibition experiments. The length of natural cores change 
from 3.5cm to 4.0cm, while artificial cores’ length change from 5cm to 6cm. Porosity of natural cores range from 
4.5% to 9%, and its permeability change from 0.05md to 0.5md. Nevertheless, artificial core properties are better 
than natural core. Porosity of artificial cores range from 12% to 30%, and permeability change from 0.4md to 
12md. 
x Fluid. In the experiment, four kinds of associated fracturing fluids are active water, slick water, guar gum base 
fluid and cross-linked fluid. The salinity of formation water is 40000 mg/L. Simulated oil is composed of crude 
oil and kerosene according to different proportion. Values of simulated oil viscosity obtained by capillary 
viscometer are shown in Table 1.
Table 1. Viscosity of different simulated oil. 
crude oil: kerosene viscosity (mPa.s)
1:0 4.846
1:1 1.691
1:1.5 1.366
1:2 1.204
x Core preparation. Extract oil from core.ėDry core.ėMeasure basic parameters of dry core, such as length, 
diameter, porosity, permeability, mass.ėVacuumed core and saturated with formation water.ėMeasure the wet 
weight of core and calculate porosity.ėMeasure liquid permeability.ėDisplacement water by oil until reach 
the irreducible water saturation.ėAge core for 24h and soaked in simulated oil. 
 ([SHULPHQWDODSSURDFKHV
Imbibition recovery is defined as the ratio of the volume of oil emitted, measured through imbibition apparatus 
(water imbibition cell), to the volume of oil contained in the pores originally. First of all, put cores, fluids and 
apparatus into constant temperature oven at 60 degrees Celsius for half an hour before imbibition experiment. 
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Secondly, put the core saturated with oil into the water imbibition cell shown in Fig. 1. Thirdly, continually record 
emitted oil volume and corresponding time. Finally, imbibition laws of fracturing fluid are obtained bychanging 
experimental conditions, and the optimal formulation of fracturing fluid is acquired by orthogonal experimental 
design. 
Fig. 1. Diagram of volume method. 
4. Experimental results 
 ,PELELWLRQODZV
Natural cores with similar porosity and permeability are used to get the relationship between imbibition volume 
and time, as shown in Fig. 2(a). The results show that the volume of fracturing fluid imbibed is proportional to the 
square root of time in the early stage of imbibition process, which is consistent with Schembre’s theoretical model. 
However, the straight line does not go through the origin, mainly because emitted oil droplets are distributed on the 
surface of core in the preliminary stage, and emitted oil has not been separated from the core into the graduated tube. 
Thus, the previous imbibition volume is zero. Although later oil droplets continuously rise into the graduated tube, 
the core surface still covers lots of oil. As a consequence, the oil volume measured through the calibration is less 
than the actual imbibition volume. Imbibition recovery is appropriate to describe the influence of different factors on 
imbibition laws. 
Fig. 2. (a) imbibition volume versus the square root of time; (b) imbibition recovery versus permeability. 
 7KHHIIHFWRISHUPHDELOLW\
Artificial cores, instead of natural cores, are used in the following experiments to reduce deviation. The solution 
is active water consisits of 0.5% clay stabilizing agent and 0.5% discharge aiding agent. The relationship between 
imbibition recovery and permeability are shown in Fig. 2(b). The results indicate that imbibition recovery grows 
with the increase of permeability, but its growth rate slows down gradually. This is because spontaneous imbibition 
is mainly controlled by capillary pressure, which is closely related to pore structure. When core permeability 
increase, the number of pores will increase and the connectivity of pores become better. Consequently, imbibition 
recovery will rise. 
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 7KHHIIHFWRILQWHUIDFLDOWHQVLRQ
Figure 3(a) shows the relationship between imbibition recovery and interfacial tension. The results show that 
imbibition recovery is different in discharge aiding agent solution with different interfacial tension by changing 
concentration with 5%, 0.5%, 0.05%, 0.005%, and there exists an optimum value of interfacial tension. The reason 
is that capillary pressure and gravity segregation co-exist in the water-wet cores. The gravity segregation 
phenomenon is caused by the density difference between oil and water. With the increase of interfacial tension, 
capillary pressure increase, which causes the oil displacement force to increase. However, the increase of the 
interfacial tension can enlarge the emulsified oil droplets, which can increase the oil displacement resistance because 
of the gravity segregation. Therefore, there will be a best range of interfacial tension for water-wet cores. In the best 
range of interfacial tension, the gravity segregation coexists with capillary pressure and makes imbibition recovery 
maximum. 
Fig. 3. (a) imbibition recovery versus interfacial tension; (b) imbibition recovery versus oil viscosity. 
 7KHHIIHFWRIRLOYLVFRVLW\
Oil viscosity is also considered as a factor which affects imbibition recovery. Simulation oil shown in Table 1 is 
used. As shown in Fig. 3(b), imbibition recovery decrease with the increase of oil viscosity. The main reason is that 
high viscosity increases the viscous resistance, which prevents oil droplets separating from the core. Therefore, 
imbibition occurs little when viscous force is high. 
 7KHRSWLPDOIRUPXODWLRQRIIUDFWXULQJIOXLG
In the process of fracturing, mixed fracturing fluid system, which consists of slick water, guar gum base fluid and 
cross-linked fluid, are used in the tight reservoir in the Ordos basin. According to the orthogonal experimental 
design, fracturing fluid with different composition is obtained. Through the imbibition experiment, imbibition 
recovery and optimal formula are obtained as shown in Table 2 and Table 3.
So the optimum formula of slick water composition is 0.25% drag reducer +0.3% discharge aiding agent +0.5% 
clay stabilizing agent, and the optimum formula of guar gum base fluid and cross-linked fluid composition is 
3.0Kg/m3 guar +0.1% bactericide +0.5% discharge aiding agent +0.4% clay stabilizing agent +0.3% chain-cutting 
agent +0.4% crosslinking agent +0.5Kg/m3 gel breaker. 
Table 2. Optimization of slick water. 
Drag reducer () Discharge aiding agent () Clay stabilizing agent () Imbibition recovery ()
Formula 1 0.25 0.25 0.40 9.27
Formula 2 0.25 0.30 0.50 11.62
Formula 3 0.30 0.25 0.50 9.73
Formula 4 0.30 0.30 0.40 10.34
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Table 3. Optimization of guar gum base fluid and cross-linked fluid. 
Guar
(.JP)
Bactericide
()
Discharge aiding 
agent ()
Clay stabilizing 
agent ()
Chain-cutting 
agent ()
Crosslinking 
agent ()
Gel breaker
(.JP)
Imbibition
recovery ()
Formula 1 2.5 0.1 0.4 0.4 0.2 0.4 0.4 8.20
Formula 2 2.5 0.1 0.4 0.5 0.3 0.5 0.5 9.38
Formula 3 2.5 0.2 0.5 0.4 0.2 0.5 0.5 11.12
Formula 4 2.5 0.2 0.5 0.5 0.3 0.4 0.4 10.57
Formula 5 3.0 0.1 0.5 0.4 0.3 0.4 0.5 12.43
Formula 6 3.0 0.1 0.5 0.5 0.2 0.5 0.4 11.70
Formula 7 3.0 0.2 0.4 0.4 0.3 0.5 0.4 8.85
Formula 8 3.0 0.2 0.4 0.5 0.2 0.4 0.5 9.36
5. Conclusions 
In this paper, it has been shown that the volume of imbibed fracturing fluid is proportional to the square root of 
time. Imbibition recovery is influenced by core permeability, interfacial tension and oil viscosity. Firstly, imbibition 
recovery grows with the increase of permeability, but its growth rate slows down gradually. Secondly, imbibition 
recovery is different in active water solution with different interfacial tension, and there exists an optimum value of 
interfacial tension. Thirdly, imbibition recovery decreases with the increase of oil viscosity. In addition, the optimal 
formulation of fracturing fluid is obtained by orthogonal experimental design. 
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